RNA virus genome replication requires initiation at the precise terminus of the template RNA. To investigate the nucleotide requirements for initiation of hepatitis C virus (HCV) positive-strand RNA replication, a hammerhead ribozyme was inserted at the 59 end of an HCV subgenomic replicon, allowing the generation of replicons with all four possible nucleotides at position 1. This analysis revealed a preference for a purine nucleotide at this position for initiation of RNA replication. The sequence requirements at positions 2-4 in the context of the J6/JFH-1 virus were also examined by selecting replication-competent virus from a pool containing randomized residues at these positions. There was strong selection for both the wild-type cytosine at position 2, and the wild-type sequence at positions 2-4 (CCU). An adenine residue was well tolerated at positions 3 and 4, which suggests that efficient RNA replication is less dependent on these residues.
Hepatitis C virus (HCV) has a positive-sense RNA genome of 9.5 kb that comprises a single ORF which is flanked by highly structured untranslated regions (UTRs) that are required for both RNA replication and protein translation. The polyprotein is cleaved into ten polypeptides; structural proteins at the amino terminus and non-structural proteins at the carboxy terminus. Use of the subgenomic replicon system (Lohmann et al., 1999) has shown that non-structural proteins NS3-NS5B are both necessary and sufficient for replication of an RNA molecule containing the 59 and 39 UTRs. In vitro studies have shown that the purified viral RNA-dependent RNA polymerase, NS5B, can initiate transcription by a de novo mechanism using a template from the 39 end of either the positive or negative strands, as well as synthetic RNA templates (Luo et al., 2000; Zhong et al., 2000; Shim et al., 2002) . Furthermore, using the HCV 39 UTR as template, ATP was most efficiently used for initiation, followed by GTP and CTP, whereas no initiation was observed with UTP (Zhong et al., 2000) . However, a further study revealed that NS5B could utilize all four nucleotides for initiation if they complemented the 39-terminal nucleotide of the template RNA (Shim et al., 2002) . Although important in determining the biochemical details of polymerase function, these studies do not address how NS3-NS5B protein complexes recognize the appropriate RNA template and initiate RNA replication within cells. Two recent studies have addressed this question by analysing requirements for initiation of positive-strand synthesis (Luo et al., 2003; Cai et al., 2004) using the replicon system. However, these studies did not analyse all four possible terminal nucleotides, and requirements at positions +2 to +4 (prior to the start of a highly conserved stem-loop comprising nucleotides +5 to +20) were not examined, although a deletion of nucleotides +1 to +4 resulted in a non-viable replicon.
To obtain a complete set of data pertaining to the terminal requirements for HCV RNA replication, we inserted a hammerhead ribozyme directly upstream of the 59 UTR in the FK5.1 culture-adapted subgenomic replicon (Krieger et al., 2001) such that ribozyme cleavage would generate an authentic terminal nucleotide. By varying the first nucleotide of the 59 UTR and the complementary nucleotide within the ribozyme, we were able to generate modified 59 UTRs with all four nucleotides at position 1 (Fig. 1a) . To verify that the modified ribozymes were active for cleavage we performed 59-RNA-ligase-mediated (RLM)-RACE analysis on the T7 transcripts (Fig. 1b) , using a First Choice RLM-RACE kit (Ambion) according to the manufacturer's recommendations and with specific primers (sequences available upon request). The transcripts with a functional ribozyme (59 UTR-A, -C, -U and -G) generated the expected product of 203 bp (lanes 1-4), and no band consistent with amplification of uncleaved transcript was observed. In contrast, the 59 UTR-hammerhead knockout (HHKO) transcript RNA, in which the activity of the ribozyme had been disrupted by a point mutation, generated a product of 242 bp, consistent with the lack of ribozyme cleavage (lane 5). No products were seen in the absence of a reverse transcriptase (RT) step, confirming that there was no residual DNA template present in the transcribed RNA (lanes 6-10).
RNA transcripts of the ribozyme-containing replicons were generated, electroporated into Huh-7.5 cells and selected with G418 as previously described (McCormick et al., 2004) . Colony formation after 2 weeks was compared with the parental FK5.1 replicon and a polymerase-inactive mutant FK5.1GND (GND) (Fig. 1c) . As expected, FK5.1 gave the highest efficiency of colony formation, whilst GND yielded no colonies. The 59 UTR-HHKO replicon produced very few colonies, only 0.6 % of the number produced by the parental FK5.1 replicon, demonstrating that replicon replication was indeed strongly dependent on ribozyme cleavage. Of the four cleavage-competent ribozyme-containing replicons, only 59 UTR-G or 59 UTR-A exhibited efficient colony formation (43 % and 11 % of FK5.1, respectively). Replicons with either a terminal U or a terminal C produced few colonies, their numbers being indistinguishable from that of the 59 UTR-HHKO replicon.
NS5B is an error-prone RNA polymerase, therefore, to determine if modified terminal nucleotides were maintained during the 2 week selection period, RNA was extracted from the pooled G418-resistant replicon cell lines and subjected to 59 RLM-RACE. The RLM-RACE products were cloned and sequenced to identify the terminal nucleotide. Sufficient quantities of RNA for this analysis were obtained from cells transfected with the 59 UTR-G, -A and -U replicons, but not from cells transfected with the 59 UTR-C replicon, which failed to form any stable colonies. As is shown in Table 1 , nine of ten clones derived from the 59 UTR-A replicon maintained the 59 terminal adenine (A) nucleotide; the remaining clone reverted to the wild-type guanine (G). Eight of 12 clones from the 59 UTR-G transfection maintained the wild-type 59 terminal G. However, of the remaining four clones, three had an A and one a uracil (U) at the terminal position. Most interestingly, the majority (eight of nine) of the clones from the 59 UTR-U transfection had changed, not to the wild-type G, but to a terminal A; the remaining clone maintained a terminal U.
As the results from the colony-formation assay could have been skewed by the ability of NS5B to generate mutations rapidly at the 59 terminal nucleotide, we replaced the neomycin phosphotransferase gene with firefly luciferase to assess replication early after transfection. As shown in Fig.  1(d) , the ribozyme-containing replicons with a 59-terminal purine exhibited similar replication kinetics to wild-type FK5.1 lacking the ribozyme, and, in agreement with the results from the colony formation assay, the replicon with 59-terminal G was marginally more active. The 59-terminal pyrimidine replicons showed markedly less replication than the 59-terminal purine replicons, and 59 UTR-U was more efficient than 59 UTR-C. Interestingly, 59 UTR-C did show a low level of replication, but presumably this was not sufficient to enable high enough neomycin phosphotransferase expression for the establishment of stable G418-resistant colonies. Neither the GND nor the 59 UTR-HHKO mutants were able to replicate; luciferase levels reduced to background levels by 24 h post-transfection (p.t.) and did not recover.
One conclusion from our data is that a 59 U is a poor substrate for initiation. However, this could be overcome by misincorporation of A by NS5B, resulting in a fully replication-competent genome. It is intriguing that the 59 UTR-U replicon reverted to an A as this would imply that A is the preferred 59 nucleotide of the positive strand. However, with only one exception, all of the full-length genotype 1 59 UTR sequences in the Los Alamos database (Kuiken et al., 2005) commence with a G. This may suggest that the selection of an A is influenced by the cellular environment. For example, it is possible that rapidly dividing Huh-7.5 cells may have higher ATP levels than non-dividing hepatocytes in the liver, thus predisposing them to misincorporation of A by NS5B. Our data differ from a previous study (Cai et al., 2004) in which 100 % of clones isolated from the 59-terminal G replicon had changed to an A; in our study the majority of clones retained a 59 terminal G (Table 1) . However, both studies agree that a 59 terminal A is retained, and, taking these results together, we conclude that initiation of HCV RNA replication is favoured by a purine residue at the +1 position.
The 59 terminal nucleotide of the tissue culture infectious genotype 2a isolate of HCV, JFH-1 (GenBank accession no. AB047639; Kato et al., 2001 ) is an A, whereas both the subgenomic and full-length constructs derived from this isolate were modified to insert a G residue prior to the authentic initiating nucleotide (Kato et al., 2003; Wakita et al., 2005) . This was presumably to ensure efficient initiation of transcription by T7 RNA polymerase (Cai et al., 2004) . We were interested in determining whether the additional G residue would be maintained during replication of the full-length viral RNA. To test this, we first performed a 59 RLM-RACE analysis on the in vitro Table 1 . Terminal nucleotide identities of 59 RLM-RACE products generated from RNA isolated from Huh-7.5 cells after 2 weeks of G418 selection Cells were electroporated with FK5.1 replicons containing a 59 hammerhead ribozyme and the indicated input 59-terminal nucleotides.
Terminal nucleotide
Input replicon construct
transcripts generated from the JFH-1 clone. Surprisingly, this revealed a degree of heterogeneity in the 59 end; all of the clones sequenced had additional residues between the 59 RLM-RACE adaptor and the authentic 59 terminus, most probably because of T7 RNA polymerase errors. However, these were not maintained. 59 RLM-RACE analysis performed on RNA extracted from Huh-7.5 cells 72 h p.t. revealed that seven of eight clones had the authentic 59 terminus and only one retained an additional G residue. To determine whether the additional nontemplate residues produced during in vitro transcription of JFH-1 RNA had an adverse effect on RNA replication, we introduced a hammerhead ribozyme 59 to the terminal A in the chimeric J6/JFH-1 clone, which had been shown to replicate more efficiently than the original JFH-1 isolate (Pietschmann et al., 2006) . Importantly, both the replicase (NS3-5B) and 59 UTR of J6/JFH-1 were derived from JFH-1; only the core-NS2 sequences were from the J6 isolate. The titres of virus produced from Huh-7.5 cells transfected with either J6/JFH-1 or J6/JFH-1-HH RNA were indistinguishable (data not shown). We conclude therefore that initiation of positive-strand synthesis by the JFH-1 replication machinery is unaffected by additional nucleotides 59 to the authentic terminus. However, within cells there is a rapid selection for genomes with the authentic 59 terminus.
A conserved 59-proximal stem-loop in the HCV 59 UTR, starting at nt 5, has been shown to be essential for RNA replication (Luo et al., 2003) , whereas, the same study showed that deletion of nt 1-4 also abolished replication. To assess whether replication required a specific sequence 59 to the stem-loop we used PCR to generate a pool of mutated J6/JFH-1 clones in which nt 2-4 were randomized. Sequence analysis of the pool revealed that, although the three positions were not completely randomized, all four possible nucleotides were represented at each position. The data are summarized in Table 2 and the sequences of both input and output clones derived from the RACE analysis are presented in Supplementary Table  S1 (available in JGV Online). RNA was transcribed from the pool, transfected into Huh-7.5 cells and at 72 h p.t. RNA was extracted and subjected to 59 RLM-RACE to identify those sequences that were competent for replication. We considered 72 h p.t. an appropriate time for this analysis as we had previously shown that luciferase levels for a non-replicating JFH-1 replicon (GND) at this time point were 3 log 10 lower than at 4 h p.t. (Hughes et al., 2009) , thus it was unlikely that the 59 RLM-RACE analysis would be contaminated by non-replicating RNA templates. A number of interesting observations were evident. First, five viable clones contained the wild-type sequence (CCU), confirming that this sequence supports a high level of RNA replication. However, this sequence is clearly not absolutely required as a number of other sequences were selected for. There was strong selection for a cytosine (C) at position 2 (increasing from an input of 5.7 % to 65 % in the output; Table 2 ), this corresponded with strong selection against an A residue at this position. (80 % of the input had A, but only one clone with an A was isolated). The explanation for this may be derived from an in vitro study on NS5B polymerase activity (Shim et al., 2002) . In that study the 39 end of the positive strand was used as a template and modification of this template by changing the 39 end from C to UA (such that the second nucleotide incorporated by NS5B would be an A) resulted in a dramatic reduction in initiation at the +1 position in favour of initiation at the +2 position. It is likely that in vivo an initiation event at the +2 position would be unfavourable as it would ultimately result in a loss of viral genome integrity. Furthermore, it has been suggested that NS5B, together with the RNA template and incoming nucleotides, forms an initiation complex that contains a dinucleotide product and this then undergoes transition to an elongation complex. Presumably a pppApA dinucleotide cannot undergo this rate-limiting transition.
The sequences maintained at positions three and four reflected the input RNA (predominantly A). In particular, an AA dinucleotide at positions three and four was present in 11 clones. However, there was also evidence for selection of C at position three and U at position four. Intriguingly, eight of 23 output sequences maintained the additional G nucleotide prior to the A at position 1 (Supplementary  Table S1 ). It may be that the high replicative capacity of the JFH-1 isolate NS5B (Simister et al., 2009 ) means that it tolerates additional sequences. It is noteworthy that the clone with the A at position two had an additional G nucleotide, but position one was also mutated to a G, again providing further support for the notion that an AA dinucleotide at positions 1/2 or 2/3 is detrimental to elongation by NS5B.
In conclusion, we demonstrate here that the nucleotide sequence from +1 to +4 of the 59 end of the positivestrand HCV genome is important for efficient initiation of RNA synthesis. Our data do not show an absolute requirement for specific nucleotides, however certain sequences are highly selected for, e.g. a C at +2 and an A at +4. As stem-loop I of the internal ribosome entry site begins at nt +5, it may be that these four unpaired bases play a role in maintaining the integrity of the genomic 59 end, rather than acting as specific RNA replication initiation sites. Given that RNA replication occurs within the protected environment of the membranous web, isolated from the pools of cytoplasmic RNA, it is likely that template selection by the replicase is less important than accurate initiation. It would be intriguing to investigate this using in vitro replication systems where the environment could be more precisely controlled.
